The theory of three step electrode reaction is developed for square wave voltammetry on stationary spherical electrodes. It was assumed that all electroactive species are solution soluble. The dependence of the response on the thermodynamic stability of intermediates, on the electrode radius and the scan direction is investigated for the fast and reversible electrode reactions. The criterion of reversibility is postulated. Furthermore, the influence of electrode kinetics on the response was calculated for the cathodic and anodic scan directions. The difference in responses caused by the variation of scan direction is an indication of multiple electron transfers. The method for the estimation of transfer coefficient is demonstrated.
INTRODUCTION
LECTRODE reactions that include three electrons may occur through three consecutive steps. [1] [2] [3] [4] [5] [6] The responses of this mechanism depend on the stability of intermediates and the kinetics of electron transfers. [7] [8] [9] [10] [11] These relationships were calculated for chronoamperometry [9, 10, [12] [13] [14] [15] [16] and voltammetry. [11, [17] [18] [19] [20] They can be used for the determination of kinetic parameters. [10,11,20 -23] In this paper the theory is developed for kinetically controlled three step reaction on spherical electrodes. The purpose is to analyse the dependence of square wave voltammograms on the electrode radius and the signal frequency. [1, 12, 14, [24] [25] [26] [27] [28] The work is inspired by electrode reactions of uranyl, [29] chromium(VI) [30] and bis(fulvalene)dinickel [31] ions and nitromethane [32] and nitrobenzene [33] on hemispherical microelectrodes. [28] 
THEORY
The model is developed under the assumption that all four components of the three step electrode reaction are solution soluble and that only the reactant Ox (n+3)+ is initially present in the solution. 
The mass transfer towards the surface of stationary spherical electrode is described by the following differential equation:
Here, the symbol Y stays for either Ox (n+3)+ or Int1 (n+2)+ or Int2 (n+1)+ or Red n+ and the variable r is the radial distance from the centre of sphere. The starting and boundary conditions are the following: 
The symbol r0 stays for the electrode radius and the meanings of all other symbols are reported in Table 1 . Differential equations are solved by the numerical method proposed by Olmstead and Nicholson. [34] The solution is the system of recursive formulae for the dimensionless current 
1, 
.
RESULTS AND DISCUSSION
Square wave voltammogram of electrode reaction in which all three electron transfers are fast and reversible depends on standard potentials of individual steps and the sphericity parameter
. An example is shown in Figure  1 . It can be noted that the net response is independent of the scan direction. For equal standard potentials the net peak potential is equal to 1 E and the peak current is 5.33 in both figures 1A and 1B. This identity is the best indication of reversible electrode reaction. There is, however, a small difference between the minima and maxima of the components of these two voltammograms. If
0.90 and
. Also, the limiting current of components at
depends on the starting potential. This current is a consequence of spherical diffusion and depends on the parameter . The net current is defined as a difference between the forward and the backward components. In the case of cathodic scan direction this difference is negative and the net current is defined as - = Ox -Red. Tables 2 and 3 show the relationship between the form of response and the standard potentials of individual electron transfer steps. Again, the peak currents and peak potentials that are reported in these tables are all independent of the scan direction. If 2 1 0.1 V E E   and
  the response consists of a single peak with the maximum at p 1
This rule applies if . Table 2 . Dependence of dimensionless net peak currents and peak potentials on the difference between standard potentials of electron transfer steps; 3 2 2 1
E E E E    and  = 0.1. [26, 27] Square wave voltammograms of electrode reactions that are controlled by the kinetics of one or more electron transfers depend on the kinetic parameters (where j = 1, 2 and 3) and the sphericity parameter  and the standard potentials of the three steps. The parameters 1 and  can be changed by the variation Table 3 . Dependence of dimensionless net peak currents and peak potentials on the difference between standard potentials of electron transfer steps; 2 1 0.2 V E E    and  = 0.1. . If the radius is increased to 0.1 cm, the peak potential tends to -0.065 V, which is the value that is characteristic for planar electrode. The dimensionless net peak current is inversely proportional to the electrode radius: -p = 3.95 × 10 -4 r0 -1 + 0.63. These show that in the simulations the parameters 1, j, and  can not be changed independently. Instead, the frequency has to be varied, for the constant values of electrode radius and the other reaction parameters. Furthermore, the scan direction is experimental variable. Figure 4A is typical for electrode reaction in which the first electron transfer is the rate determining step. It consists of a single peak at all frequencies if the first transfer coefficient is bigger than 0.3. In the case of cathodic scan direction, the response may split in two peaks if 1 = 0.25. An example is shown in Figure  5 . The second peak is caused mainly by the reduction component. The potential of minimum of this component is much lower than the potential of maximum of the oxidation component. The response with two peaks may also appear in the case of anodic scan direction. This can be seen in Figure 6 . Again, the second peak is caused by the local minimum of reduction component. The oxidation component exhibits a shoulder at 0.015 V vs. 1 E that corresponds to irreversible oxidation of the first intermediate. The first peak of the split response corresponds to the second and the third electron transfers that are fast and reversible. This peak is smaller in Figure 5 than in Figure 6 . If the scan direction is cathodic, a small amount of the first intermediate that is created at -0.040 V vs. 1 E continues rapidly to be reduced to the final product and reoxidized back to Int1 at -0.015 V. The massive reduction of the reactant that occurs at -0.270 V is totally irreversible and the backward component is also reductive current. This is because the product is stable at the potentials lower than -0.1 V vs. 1 E . Similar reasoning applies to the anodic scan direction. In the oxidation of product, the third step is the slowest one. The first peak appears at -0.005 V vs.
The voltammogram shown in

1
E and corresponds to the creation of the first intermediate and the small amount of the reactant. The latter is reduced back to Int1 at -0.210 V vs. 1 E . Figure 7 presents relationships between peak potentials and the logarithm of frequency. For the cathodic scan direction and the frequency higher than 100 s -1 , the net peak potential and the potential of minimum of reduction component satisfy the following equations:
For the anodic scan direction the potential of the first peak is independent of frequency, but the first transfer coefficient can be determined from the dependence of the second peak on the logarithm of frequency:
The standard potentials determine the stability of intermediates and the apparent reversibility of electrode reaction. If 2 
, dE = -5 mV, r0 = 10 -2 cm and all other parameters are as in Figure  4 , the oxidation component is entirely negative at all frequencies (see Figure 8 ) and the net peak potential depends linearly on the logarithm of frequency if the frequency is higher than 20 s -1 . This is because the concentration of the first intermediate at the first standard potential is lower for
 . The oxidation current of the first step depends on the concentration of the first intermediate, while the reduction current depends on the reactant concentration. This is the reason why the reaction appears more irreversible for 2 
E E E   . If the scan direction is anodic and all other conditions are as above, the second peak is well developed at the frequency as low as 10 s -1 and the second peak potential is the linear function of the logarithm of frequency within the whole frequency range.
In the three step electrode reaction both the first and the second electron transfers can be slow. Figures 9  and 10 show a special case in which the second transfer coefficient is smaller than the first one, but the rate 
Figure 8. Dimensionless square wave voltammogram of three step electrode reaction.
2 E E  , r0 = 10 -2 cm and f = 10 s -1 . All other parameters are as in Figure 4 . constants of these two steps are equal. The relationships between peak potentials and the logarithm of frequency are linear for all values of this argument. The net response exhibits a single peak and its potential is defined by the equation:
 that applies for f < 300 s -1 . At higher frequency the slope of this straight line changes to -0.047 V. This can be explained by the separation between the net peak and the minimum of the reduction component (see Figure 10) . The potential of the latter satisfies two equations: 
The net response develops a shoulder at the highest frequencies and the potential of its peak under these conditions is not suitable for the determination of transfer coefficients. The described phenomenon vanishes if 1 = 0.5 and 2 ≥ 0.4. For equal transfer coefficients a single slope
The variation of scan direction is not useful for the estimation of the second transfer coefficient. For the conditions reported in Figure 9 the response consists of a reversible peak at -0.005 V vs. 1 E and totally irreversible peak that depends linearly on the logarithm of frequency:
This straight line is shown in Figure 11 . From the slope -0.086 V the transfer coefficient = 0.34 can be calculated, which is neither 1, nor2. The slopes of the second and the third straight lines in Figure 11 are mutually equal:
Finally, the possibility that all three electron transfers are equally slow was investigated. The value of rate constants that is characteristic for quasireversible electrode reactions was chosen. The results are shown in Figure 12 . The relationships between peak potentials and the logarithm of frequency are curves that approach asymptotes at the highest frequencies. For the cathodic scan direction these straight lines are as follows:
068 V , and p,Ox 1 0.042log 0.097 V E E f    , while for the anodic scan direction they are: The slopes -0.057 V and -0.056 V can be used for the estimation of an average transfer coefficient, but the slope of the oxidation component is too low because this component gradually vanishes as the frequency is increased. The slopes in Figure 12B are too high and indicate apparent transfer coefficients that are smaller than the value used in the calculations. This confirms that the anodic scan direction may be inapt for the transfer coefficients determination. However, the intersections of straight lines in Figure 12B and the line 1 E E  correspond to the logarithms of the critical frequency log fcrit = 2.1 and log fcrit = 2.0 that are close to the negative value of the logarithm of the average rate constant:   crit s log log f k .
CONCLUSION
In square wave voltammetry the scan direction can be either cathodic or anodic. If the response of three step electrode reaction does not depend on the scan direction, that reaction is reversible for the applied frequency. The peak current depends linearly on the square root of frequency regardless of the number of peaks in the response. As the frequency tends to zero, the current tends to some finite value, which is called the steady-state contribution.
Reactions that are controlled by the kinetics of electron transfer may appear less reversible on the electrode with smaller radius. The responses to various frequencies can be compared to each other only if they are recorded on the electrodes with the same radius. Besides, the responses of kinetically controlled reactions depend on the scan direction. In the case that the first electron transfer is the rate determining step and that the scan direction is cathodic, the net response consists of a single peak at all frequencies if 1 > 0.3. If this condition is not satisfied, the response may split in two peaks. The response of this reaction recorded by using the anodic scan direction exhibits either one, reversible peak at low frequency, or the first, reversible and the second, totally irreversible peaks at the highest frequency. The transfer coefficient of the first electron transfer can be determined from the slope of the dependence of the net peak current on the logarithm of frequency. The kinetics of electron transfer is a function of the rate constant and of the stability of the first intermediate. So, the rate constant cannot be estimated if the standard potentials are not known. If both the first and the second electron transfers are equally slow, the second transfer coefficient can be measured only if it is smaller than the first one. The difference between responses recorded with two scan directions indicates that more than one electron is transferred in the electrode reaction. If the first peak potential of the voltammogram recorded with the anodic scan direction depends on frequency, then all electron transfers are kinetically controlled. 
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